o far, the electrical detection of skyrmions in the lattice phase has been achieved only at low temperatures, mainly in magnetic materials with B20 crystal structures [1] [2] [3] [4] [5] [6] [7] . In this family of materials, contributions to the electrical transport properties are directly linked to the topological nature of skyrmions. Recently, a change in the differential tunnel conductance due to the noncollinearity of single magnetic skyrmions was reported for a PdFe atomic bilayer on Ir(111) 8, 9 . However, low temperatures preclude the use of magnetic skyrmions in common devices [10] [11] [12] . The solution can be delivered by engineering magnetic multilayers in the form of stacks composed of ultrathin magnetic layers in contact with heavy-material thin films. Although significant advances have been achieved in the stabilization and current-induced motion of skyrmions at room temperature (RT) [13] [14] [15] [16] [17] , until now only imaging techniques have been used to show this 13, [18] [19] [20] [21] . Importantly, no evidence of their detection through purely electrical means has been reported, but this is a crucial prerequisite for any of the potential applications. Here we focus on the transverse Hall resistivity as a sensitive probe for the electrical characterization of magnetic skyrmions in patterned magnetic multilayer systems. The transverse resistivity ρ xy = V y t/I x (Fig. 1a) is associated with the voltage V y measured across an electrical conductor of thickness t, orthogonal to an applied current I x . In magnetic materials with non-trivial magnetic textures, this transverse resistivity is usually decomposed into three components , where R 0 is the ordinary Hall coefficient and H ⊥ is the out-of-plane magnetic field component. The anomalous Hall effect (AHE), which contains intrinsic and extrinsic contributions that arise from spin-orbit interactions, can be observed only in materials with broken time-reversal symmetry 22 , as is the case for ferromagnets. The AHE resistivity ρ xy AHE is generally considered as being proportional to the average out-of-plane magnetization, m z , in the sample. The third term is the topological Hall effect (THE) that results from the Berry phase acquired by spin-polarized carriers as they cross a topologically non-trivial magnetic texture, such as skyrmions. In the adiabatic approximation, that is, assuming a strong coupling of the charge with the local spin (which provides an upper-bound estimate), the topological contribution is generally expressed by ρ = PR B xy THE 0 eff , where B eff is the emergent fictitious field in the rest frame of the electrons and P is the magnitude of the spin polarization of the electrons , chiral magnetic skyrmions can be stabilized in multilayers at RT by a large Dzyaloshinskii-Moriya interaction (DMI) that arises at the interfaces of a thin Co layer inserted between two non-magnetic materials. For our study, we selected a similar magnetic multilayered system based on the asymmetric trilayer Pt|Co|Ir with large values of DMI, ranging from 1 to 2 mJ m −2 (refs [24] [25] [26] ). This allows sub-100 nm skyrmions to be stabilized 15,27 as a result of the balance between DMI, magnetic anisotropy and exchange coupling 12, 28 , as well as the dipolar energy. In the present work, we combined RT electrical-transport measurements with local probe magnetic force microscopy (MFM) imaging, realized concomitantly, on patterned samples with the composition Ta(5)|Pt(10)|[Co(0.8)|Ir(1)|Pt(1)] 20 |Pt(3) (Supplementary Information). A first objective was to control, using large currentdensity pulses, the generation of small magnetic skyrmions in electron-beam (e-beam) lithographed structures (Methods gives the details). Magnetic skyrmions can be generated by the injection of spin-polarized currents through a scanning transmission microscope (STM) tip 29 . Another approach is to use inhomogeneous inplane electrical currents, created by geometrical constrictions, to form bubble skyrmions due to the divergence of the spin torque acting on the magnetic domains walls, as shown by RT magneto-optical Kerr microscopy 13, 30 . Recently, we reported the thermally assisted nucleation of isolated skyrmions from non-uniform RT magnetization states in micrometre-sized tracks 21 . Here we show how the latter mechanism allows the generation of a finite number of randomly distributed magnetic skyrmions starting from the magnetically saturated state. Fig. 1a shows a schematic view of the experimental set-up that allows us to relate the Hall resistivity response directly with the local magnetic configuration in the sample track. Magnetic skyrmions are topologically protected whirling spin textures that can be stabilized in magnetic materials by an asymmetric exchange interaction between neighbouring spins that imposes a fixed chirality. Their small size, together with the robustness against external perturbations, make magnetic skyrmions potential storage bits in a novel generation of memory and logic devices. To this aim, their contribution to the electrical transport properties of a device must be characterizedhowever, the existing demonstrations are limited to low temperatures and mainly in magnetic materials with a B20 crystal structure. Here we combine concomitant magnetic force microscopy and Hall resistivity measurements to demonstrate the electrical detection of sub-100 nm skyrmions in a multilayered thin film at room temperature. Furthermore, we detect and analyse the Hall signal of a single skyrmion, which indicates that it arises from the anomalous Hall effect with a negligible contribution from the topological Hall effect.
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obtained after a finite number of current pulses, as described hereafter, is characterized by the presence of a discrete number of skyrmions that occupy the track of the patterned sample. The nature of the skyrmions and their size were previously investigated, using scanning X-ray transmission microscopy (STXM) in particular 
Nucleation and detection of isolated skyrmions
We exploit the accuracy of the Hall voltage measurements to detect local small changes of the magnetic configuration (Supplementary Section 2) to demonstrate that isolated skyrmions can be detected electrically. In Fig. 2a , we display Hall measurements, R xy , recorded at different magnetic fields after applying a discrete number of current pulses or imaging by MFM. The sample is magnetically prepared as described in Methods with μ 0 H ⊥ = 45.5 mT chosen as the starting field for the skyrmion nucleation. We first checked by MFM that the magnetic configuration was the anticipated uniform saturation state and then we applied a set of 20 pulses, which resulted in the nucleation of a discrete number of skyrmions, named set I (point 2 in Fig. 2 ). The transverse resistivity ρ xy similarly shows a drop related to the appearance of the skyrmions in the cross bar (first group of green points in Fig. 2a ). With the same field value, we applied multiple sets of the same train of current pulses. We found that this new series of current pulses resulted in a change of the location of the nucleated skyrmions, but the total skyrmion number in the whole track (but not systematically inside the Hall-cross area) remained equivalent, as checked by MFM (point 3 was recorded after 500 pulses). We know that this nucleation process is thermally activated 21 , so the exact number of skyrmions in a given small area (such as our cross bar) might statistically vary. Accordingly, the Hall resistivity is relatively constant during this series of pulses and varies only by 2-3 nΩ cm.
To modify further the skyrmion density, we found that the applied out-of-plane magnetic field H ⊥ must be changed: The current-induced nucleation of a larger skyrmion density was obtained after decreasing the field, that is, to 37 mT (point 4 in Fig. 2 ). The appearance of this dense ensemble of skyrmions, which occupied the whole track, was accompanied by a large drop of ρ xy (set II). As described for the higher field, successive current pulses only slightly changed the observed skyrmion density in the MFM images and ρ xy kept a nearly constant value (point 5). The track can hence be thought of as a skyrmion reservoir in a saturated state with the number of hosted skyrmions depending on the magnetic field. As shown by point 6 in Fig. 2a , the previous state with a lower skyrmion density can be recovered by increasing the out-of-plane field. ) at different magnetic fields (coloured areas). The collections of data points at different times are the Hall measurements recorded after applying a discrete number of current pulses or imaging by MFM. b, MFM phase maps related to the Hall resistivity shown in a. These results show that, after the pulses are sent, the number of skyrmions hosted in the track depends on the applied magnetic field, as demonstrated by the three different levels indicated by set I, set II and reset. The initial state can be recovered by increasing H ⊥ to the saturation, indicated with reset.
Finally, the initial state can be achieved again (reset) if the magnetic field is increased up to the magnetic saturation at which the MFM image (not shown here) and the transverse resistivity around 360 nΩ cm correspond to the uniform magnetization state. Moreover, we also found that at a larger field, that is, μ 0 H ⊥ = 57 mT, when skyrmions are still present, the reset can be also obtained by applying a few current pulses with comparable current densities to those used before. The smallest skyrmions that might still be metastable under a large field can be erased easily by the temperature rise that originates from Joule heating: the energy barrier that prevents skyrmions from collapsing into the uniform state is now overcome by the thermal energy.
Hall signal versus number of skyrmions
The system was first magnetically prepared in the uniform state, and then skyrmions were introduced using the strategy described above, with the starting field μ 0 H ⊥ = 37 mT and single current pulses sent with the same properties as above. We then monitored the evolution of the magnetic configuration by MFM, measuring ρ xy concomitantly after each pulse: the evolution of ρ xy during this current-induced nucleation process at a fixed out-of-plane magnetic field is displayed in Fig. 3a (pulse nucleation). Further, using MFM and electrical transport measurements, we monitored the annihilation process achieved by slowly increasing the out-of-plane magnetic field (field annihilation). The progressive suppression of skyrmions (at different critical fields) might be enhanced due to inhomogeneities, such as a small variation of local DMI, magnetic anisotropy or exchange stiffness, observed in similar asymmetric multilayers 21, 31, 32 . In this scenario, magnetic inhomogeneities lead to a broad distribution of the annihilation field of skyrmions.
We selected a portion of the track restricted to the Hall-cross region and the lateral size of the length scale of the track width (Fig. 3b) and plotted the variation Δ ρ xy as a function of the number of skyrmions N in the selected area (Fig. 3c) . Both nucleation and annihilation processes exhibit the same trend in the transverse resistivity: variations of ρ xy are only due to the varying number of skyrmions in the Hall-cross area. The linear regression of our experimental data, for both processes, indicates that each skyrmion contributes equally to ρ xy with the amount ρ Δ = . ± .
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xy k s nΩ cm. We find that the skyrmion diameter (for our films) varies by very little in the field range close to annihilation, which explains the identical slope in both nucleation and annihilation experiments.
We therefore compared the experimental value with those expected for both the AHE and THE contributions. The skyrmion area π = a d sk sk 2 is a key parameter that we better estimated using STXM imaging (Fig. 1c) , which is a non-perturbative technique sensitive to the out-of-plane magnetization, than the MFM images, in which the skyrmion size might be affected by the interaction with the magnetic tip. In the range of the magnetic fields of these experiments, as shown in Fig. 1c , the skyrmion diameter is d sk = 80 ± 8 nm, similar to those found in similar magnetic thin films based on the Pt|Co|Ir trilayer 15 . The variation of the AHE contribution to the Hall resistivity due to the presence of a single skyrmion in the cross bar is proportional to the mean value of the magnetization of the skyrmion. A similar correspondence between the area of the magnetic domains and the measured transverse signal might be expected. However, in the present work we did not observed the nucleation of isolated elongated domains inside the area of the Hall-cross bar. If we assume that the magnetization profile reported by Romming et al. 33 fits our experimental profiles, as described in Supplementary Section 1, the mean value of m z can be numerically calculated (Methods) and leads to: nΩ cm, which is in excellent agreement with the measured transverse value. The AHE magnitude alone is hence sufficient to explain even quantitatively the observed transverse resistivity, unlike the situation for a skyrmion lattice in B20 materials. The estimate of the discrete THE contribution from a single skyrmion is still somewhat controversial because, so far, this contribution has only been observed in systems with dense skyrmion lattices in B20 non-centrosymmetric materials [1] [2] [3] 5 . In our case, for a single skyrmion in a cross bar of width a cross , the THE can be expressed as ρ = − Φ ∕ PR a xy THE 0 0 cross (ref. 34 ), where Φ 0 is the flux quantum. Even if this simplified expression might be not strictly valid in our case (for example, we do not consider any possible reduction of the THE signal due to a short mean free path), it may provide the most optimistic estimation for the THE contribution. We have measured a Hall coefficient of R 0 = 2 × 10 −11 Ω m T −1 with 0.4 as the spin polarization in Co (ref.
35
). We find that this upper-bound estimate of THE gives ρ xy THE = (1.7 ± 0.1) × 10 −3 nΩ cm, that is three orders of magnitude lower than the observed value. Consequently, we mainly attribute the observed ρ Δ xy sk to the AHE related to our skyrmions and estimate that THE plays a negligible role in our experiment with skyrmion diameters around 100 nm.
Electrical detection of a single skyrmion
A way to improve the sensitivity of the electrical detection of the skyrmions through Hall resistance measurements is to reduce the area of the Hall-cross bar (yellow dotted line in Fig. 4) . In Fig. 4 , we show the results obtained on a nanostructured sample with a track width of 400 nm. The first set of data, shown in red in Fig. 4 , corresponds to the Hall resistivity of a magnetically saturated sample, obtained after the saturation of the sample and the stabilization of the field at μ 0 H ⊥ = 27 mT. The MFM image (red frame) confirms the uniform ferromagnetic state. After the current injection, we observed a clear variation of the Hall resistivity, as demonstrated by the drop in the data points (green) in Fig. 4 . The MFM image (green frame), which corresponds to this magnetic state, shows that the resistivity change is due to the nucleation of a single skyrmion in the area of the Hall cross. Further Hall measurements and the MFM images (not shown) reveal that single skyrmion state is very stable over time. Hence, we observe that, for a track width of 400 nm, the variation in Hall resistivity due to a single skyrmion is ρ Δ = ± 25 4
xy sk nΩ cm. Such an enhancement of ρ Δ xy sk for a single skyrmion is well supported by equation (1) 
Hall signal in magnetic multilayers
Although the variation of the Hall resistance that we report in this work is of the same order of magnitude as those observed for the THE at a low temperature in MnSi (ref. 1 ), we ascribe the observed electrical signal to a different origin. Unlike B20 materials, in our metallic multilayer, with skyrmions diameter of about 100 nm, AHE is the dominant skyrmion contribution to the transverse resistivity. The main difference could be that in B20 materials it is possible to stabilize dense skyrmion lattices with a very short magnetic modulation period of about 3 nm for MnGe (ref.
. In metallic multilayers, the low number of skyrmions of about 80 nm in size combined with the small ordinary Hall coefficient of metals makes the THE negligible compared with AHE. Moreover, the reduced electron mean free path with respect to the skyrmions size, as well as the large charge-carrier density of the metallic systems, should result in a drastic reduction of the topological contribution term of skyrmions to the Hall resistance. The topological Hall conductance is very sensitive to the disorder, and in metallic systems, with a high carrier density, it is expected to be zero when the mean free path is much smaller than the skyrmion size 36, 37 . Recently, a transition from charge to spin topological Hall resistance was theoretically predicted if the exchange interaction varies 38 . The dependence of the THE on the exchange splitting and skyrmion size suggests that the estimation of the topological contribution might be non-trivial 37, 38 . Given the specific requirements of skyrmion-based devices, the diameter of the skyrmion should probably be reduced in size about threefold, and the track adjusted to the skyrmion size. In this case, with the ratio of the skyrmion area over the probe area maximized, the AHE signal will be increased further compared with the present data recorded in 1 μ m and 400 nm wide tracks. Assuming a skyrmion diameter of 30 nm and similar electrical properties of the magnetic multilayer, in a 60 nm wide track with a Hall probe of the same width, ρ Δ xy AHE would reach ρ π ∕ ≈ 4 197 xy AHE 2 nΩ cm. The THE, on the contrary, could reach about 5 nΩ cm, still orders of magnitude smaller than the AHE contribution.
Conclusions
We demonstrate in lithographed magnetic multilayers that, from an initially uniform magnetic state, we can electrically nucleate a discrete number of skyrmions and electrically detect their presence. Tuning the applied magnetic field and the current pulse allows the skyrmion density in tracks to be controlled. The transverse resistivity, mainly dominated by the anomalous Hall contribution, scales linearly with the number of skyrmions in the track. This allows one to detect and count the skyrmions by electrical means at RT. The reported single-skyrmion detection in a track of a width that approaches the skyrmion size demonstrates that the electrical signal related to the skyrmions can be enhanced. This observation of skyrmions and their electrical detection at RT advances the technological possibilities for skyrmion-based devices and it could represent a new avenue for further fundamental studies of their very rich physics.
Note added in proof
During the submission of this work, two other experimental works appeared, by Zeissler et al. 39 and Raju et al. 40 , in which, for metallic multilayers rather similar to ours, it is shown that there is no clear correlation between the measured variation of the Hall resistivity in the presence of skyrmions and the existence of an extra Hall contribution associated with their topological charge. 
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-017-0044-4.
